We measure UV photodissociation (UVPD) spectra of cold benzo-15-crown-5 (B15C5) and benzo-18-crown-6 (B18C6) complexes with divalent ions ( 
M
2+ ion through the M 2+ •••O bond in all the complexes, but a small difference in the conformation results in a noticeable difference in the OH stretching frequency, which enables us to determine the number of conformers. For Ca 2+ , Sr 2+ , and Mn 2+ , the number of conformers for the B18C6 complexes is in the range of 2-5, which is clearly larger than complexes with B15C5 (1 or 2). However for Ba 2+ , the number of
Introduction
It is well known that crown ethers show ion selectivity in solution. 1, 2 This has been explained mainly by the optimal matching in size between the crown cavity and the ion. 1, 3 The crystal structure of host-guest complexes was extensively examined by X-ray diffraction. 1, 3 However, it is not so obvious how the matching in size controls the efficiency of the encapsulation in solution. Mass spectrometric and theoretical studies of metal ion-crown ether complexes in the gas phase have demonstrated that the binding energy between the crowns and the metal ions (for example, 18-crown-6 and alkali metal ions) is larger for smaller ions, and that solvent effects play important roles for the ion selectivity of crown ethers in solution. [10] [11] [12] 21 Lisy and co-workers measured IR photodissociation (IRPD) spectra of alkali metal ions with 18-crown-6 and H 2 O molecules and determined the complex structure by comparing the IRPD spectra with calculated spectra. 28, 29 They suggested that several conformers coexist for each complex, but it was not easy to determine the number of conformers and their structures definitely from the IRPD spectra. Martínez-Haya, Oomens, and their coworkers reported IR multiple photon dissociation spectroscopy of divalent metal ion-crown ether complexes. [30] [31] [32] A remarkable shift of the C-O stretching band is seen for 18-crown-6 complexes with alkaline earth metal cations in comparison to alkali metal cation complexes. This shift is ascribed to stronger binding of alkaline earth metal cations to the oxygen atoms and to the degree of folding of 18-crown-6. 32 Kim, Heo, and their coworkers studied ultraviolet photodepletion spectroscopy of dibenzo-18-crown-6 complexes with alkaline earth metal divalent cations. 33 More recently, we have applied UV photodissociation (UVPD) and IR-UV IR-UV double resonance spectroscopy to measure UV spectra and conformer-selective IR spectra of the cold species in the OH stretching (3200-3800 cm -1 ) region and determine the number of the conformers and their structure. We discuss the relation between the number of the conformers and the matching in size between the crown cavity and the metal ions.
Experimental and computational methods
The details of our experimental approach have been described previously. Figure 1 shows the UVPD spectra of (a) Ca All the UVPD spectra in Figs. 1-4 show a number of vibronically resolved bands. In order to distinguish vibronic bands due to different conformers and determine their structure, we measure the IR-UV spectra of the complexes by fixing the UV wavenumber at one of the vibronic bands and scanning the wavenumber of the IR OPO in the OH stretching region. In addition,
Results and Discussion
we measure conformer-specific UVPD spectra by fixing the IR frequency to one of the vibrational bands of a particular conformer and scanning the UV frequency. By examining the depletion yield of each vibronic band by the IR excitation we can distinguish those bands in the UVPD spectra that belong to the same conformer. The Figure 5c displays the IR-UV spectra of the Ca 2+ •B18C6•H 2 O complex. All the IR-UV spectra
show the bands at similar positions (~3615 and ~3695 cm -1 ), but noticeable differences in the frequencies can be seen among the three spectra. The IR-UV spectrum measured at 36951 cm -1 (the upper spectrum in Fig. 5c ) has both gain and depletion signals around 3615 and 3695 cm -1 . The UV band at 36951 cm -1 (band (3) in Fig. 1c) is relatively weaker than the other bands. In the IR-UV measurement at 36951 cm -1 , electronic transitions from vibrationally excited states of main conformers also occur and provide the same photofragment Ca 2+ •B18C6 ion. This excitation process gives gain signals in the IR-UV spectrum of the minor conformer measured at 36951 cm -1 .
35,46
From the IR-UV results in Fig. 5c The cavity size of DB18C6 shows an optimum matching with K + ion among alkali metal ions; the K + ion in the K + •DB18C6 complex is located almost at the center of the DB18C6 cavity. In this case, the H 2 O molecules can be bound to the K + ion directly from both top and bottom of the DB18C6 cavity, providing multiple hydration forms. In contrast, the Rb + or Cs + ion is located slightly out of the cavity in the DB18C6 complexes, because these ions are too big to be located at the center.
Here the hydration to the metal ions is possible only from the top, giving only one conformation. Coming back to the alkali earth metal ions, Figs. 9 and 10 show the most stable structures of the B15C5 and B18C6 complexes, respectively. In the bare complexes of B15C5 with Ca 2+ , Sr 2+ , and Ba 2+ (Fig. 9) , the B15C5 cavity is too small to encapsulate these ions completely; one side of the metal ions is open for direct solvation. (Fig. 10 ). In the solvated complexes, the H 2 O or CH 3 OH molecule tends to extract the metal ions from the crown cavity by being attached directly to the metal ions through the M 2+ •••O bond. Figure 11 shows the distance between the mean plane of the crown oxygen atoms and the metal ion in the complexes as a function of the ionic radii of the M 2+ ions. The ionic radii of Ca 2+ , Sr 2+ , Ba 2+ , and Mn 2+ were reported to be 1.00, 1.18, 1.35, and 0.83 Å, respectively, with a coordination number of 6 in crystals. 47 In the case of the bare B15C5 complexes (Fig. 11a) which is more than in the former (~0.27 Å). Also for the Mn 2+ ion, B18C6 allows larger flexibility of the metal position in the solvated complexes than B15C5, which provides more conformations for B18C6. From a thermochemical point of view, a larger number of conformations can provide larger stability in solution. In the encapsulation systems where an optimal matching in size occurs between host and guest species, there can be some flexibility in the position of the guest against the host. As a result, a larger number of solvation manners become possible for such systems when it is dissolved, which enhances the capability of encapsulation in solution.
Summary
We have measured the UV photodissociation (UVPD) and IR-UV double 
